There is a distinct lack of online atlases to visualize and explore cancer incidence in Middle Eastern countries despite the clear benefit that such tools can deliver. This paper describes the development and implementation of a cancer Atlas of Saudi Arabia, which is a web-based client-server application with built-in analysis functions for analyzing patterns of cancer incidence. Built using ESRI's ArcGIS Server API and ASP.NET, the atlas contains 45,532 incidences of cancer for the period from 1998 to 2004, which were provided by the Saudi Arabian National Cancer Registry. This tool is aimed at health care practitioners and researchers, who can use this tool for exploring cancer distribution and investigating trends, and as a decision support tool for service allocation. The tool allows users to map cancer incidence and undertake analyses at four spatial scales from city to national level.
Introduction
Cancer is a leading cause of death in the world, affecting populations in countries of varied levels of industrialization and wealth. Although 70% of cancer deaths are in low and middle income countries, the incidence in all countries, including high income countries, is expected to increase over the next few decades. In 2008, there were 7.8 million deaths attributable to cancer, and this number is expected to increase to more than 11 million in 2030 [1] . With such a global presence in public health, research is ongoing to explore not only the aetiology of the disease but also the spatial variation in the incidence of cancer. A greater understanding of the spatial distribution of different types of cancer can be used to target early screening efforts and treatments in those areas where the need is greatest.
The use of Geographic Information Systems (GIS) and spatial analysis techniques is a relatively new area of investigation in cancer research. Elevated rates of breast cancer in Cape Cod between 1982 and 1990, when compared to the state of Massachusetts as a whole, prompted Brody et al. [2] to consider the challenges of using GIS to investigate the potential environmental influences of breast cancer from hormone disrupters in drinking water or from exposure to pesticides. Subsequent analyses were reported in Brody et al. [3, 4] ; no evidence was found for a relationship between breast cancer and drinking water contaminated by wastewater but a small increased risk was found for some pesticides. Around the same time, Biggeri et al. [5] investigated the effect of four sources of air pollution on lung cancer, including the effect of distance. They found strong relationships between lung cancer and proximity to the city centre and an incinerator, with decreasing risk as distance from these places increased. Since then, a number of cancer studies have appeared in the literature and utilized spatial analysis and GIS for disease mapping, exposure and risk assessment [e.g. [6] [7] [8] [9] [10] . Beyond the methods used by these authors to map and visually assess patterns in cancer incidence/ mortality, advanced spatial analysis methods have been applied to identify spatial clusters of different cancers. For example, Wang [11] applied the R statistic of Rogerson [12] to look for spatially significant clusters of breast, lung, colorectal and prostate cancers in Illinois for the period from 1986 to 2001. Vieira et al. [13] used a similar approach to assess potential clusters in the incidence of breast, lung and colorectal cancers in Massachusetts. In this study, the authors considered length of residence (up to forty years prior to diagnosis) to adjust for population movement. Using generalized additive models, they found that after adjusting for confounders, breast cancer hotspots increased and were statistically signifi-cant near a military base and groundwater plumes.
Interest in GIS as an analytic tool for cancer incidence analysis remains strong, as evidenced by recent publications (see, for example, [14, 15] ). However, the focus to date has been largely on breast and lung cancer, perhaps due to larger numbers of diagnosed cases and the interest in potential environmental determinants of these cancer types.
All of the above examples have been concerned with the investigation of case studies based on a small number of cancers or they have a limited spatial focus. To provide a more comprehensive overview of cancer incidence or mortality, a number of different cancer atlases have been developed (see [16] for an overview of selected atlases). The Atlas of Cancer Mortality of the United States for the period from 1950-1994 was originally published in hard copy, but with rapid changes in IT and the internet, web-based applications have become a more common way to rapidly disseminate this type of information to a wider audience. Initially a method of static map dissemination, recent advances in Web 2.0 technology [17] mean that advanced spatial analysis functionality can now be embedded into a web-based GIS as a lightweight browser application. The Atlas of Cancer Mortality is now available as an online atlas with both static and dynamic mapping capabilities [18] . Other online atlases include the Pennsylvania Center Atlas (PACA) [19, 20] , the Interactive Cancer Atlas (InCA) for the US, [21] , the Cancer e-Atlas, covering Yorkshire and Humberside in the UK [22] , and the Atlas of Cancer in India [23] . Some of the online versions allow for the dynamic production of maps that can illustrate the type of cancer, age and gender of patients by area as well as basic statistics on cancer incidence. Online tools with a broader health focus are also available, for example to assess local health outcomes in the city of London, such as the London Healthcare Benchmarking Tool [24] and the Health Needs Assessment Toolkit [25] . These sites allow healthcare professionals, decision makers and the public to create maps or charts for downloading and to show how the various health outcomes in their local area compared to other areas in London. The geographic focus of existing online cancer atlases and broader health online applications has remained on more developed countries, with other highly populated regions in the world underrepresented.
Reflecting this unintentional "global north" perspective, there is a distinct lack of online atlases to visualize and analyze cancer incidence in Middle Eastern countries despite the clear benefit that such tools can deliver. This paper describes the development and implementation of the Cancer Atlas of Saudi Arabia (CASA), which is a web-based client-server application with built-in analysis functions for analyzing patterns of cancer incidence. Built using ESRI's ArcGIS Server API and ASP.NET, the atlas contains 45,532 incidences of cancer for the period from 1998 to 2004, which were provided by the Saudi Arabian National Cancer Registry (SCR). This tool is aimed at health care practitioners and researchers, who can use it to identify cancer "hotspots" and investigate trends, and also as a decision support tool for service allocation. The tool allows users to map cancer incidence and undertake analyses at four spatial scales from city to national level. The CASA extends the functionality of previous online cancer atlases through the provision of additional mapping types, animation, the ability to export the maps and graphs as high quality graphics, and the calculation of cancer rates that adjust for population and age. The technology used to build the CASA is also sufficiently generic that it could be easily transferred to other areas and health outcomes beyond the one presented here. The functionality of the atlas is illustrated using colorectal cancer in Saudi Arabia as an example.
Development of the Atlas
The functionality of the Cancer Atlas of Saudi Arabia (CASA) was driven by the requirements of the end-user, i.e. researchers and health practitioners. The literature on existing cancer atlases and cancer analysis was reviewed and the end-users were interviewed to undertake a needs assessment. It was clear from both these exercises that the atlas must be capable of both statistical and spatial analysis. As well as allowing the user to create and export maps, figures and tables showing counts of people diagnosed with cancer by cancer site, gender, age groups, stage distribution, morphological distribution, region and geography, users wanted to visualize the data at different spatial scales and over time. To analyze spatial and temporal changes simultaneously, animation capabilities were added. Table 1 lists the specifications of the CASA in comparison with those of the main online cancer atlases. Although this list is not meant to be fully comprehensive, we did not find comparable atlases for other Middle Eastern countries (in English or Arabic). From Table 1 , it can be seen that the CASA was developed with a greater level of functionality and flexibility. The architecture of the system is outlined in the next section followed by a description of the data, how cancer incidence is reported and an overview of the statistical and spatial interface of the atlas.  The Client: Flex was used to build the web client for the atlas, where MXML and Action Script define the layout, appearance and behavior of the application. These were compiled into a single SWF file that makes up the Flex client CASA application. Maps and analyses are displayed in the client using the functionality from the ArcGIS Server API for Flex.  The Web and Application Server: The web server responds to client requests from the databases or the map server. ASP.NET was used to build the web application server, since it is a powerful tool for creating dynamic and interactive web applications. The cancer database is maintained in a Microsoft SQL Server and the operating system is Windows Server, so the application server interfaces with these other components seamlessly.  The Map Server: The map server fulfills spatial queries, conducts spatial analysis, and generates and delivers maps to the client based upon requests by the users. The output from the map server can be a simple map image in a graphic format or map elements served by ArcGIS Server.  The Database Server: The database server houses the cancer data in a relational database structure stored in Windows SQL Server 2008 (Enterprise Edition). The design of the client interface was the single most important consideration, given that the target end-users were unlikely to have much technical knowledge and skills in computing or the principles of GIS. The design was partly driven by a review of existing atlases ( Table  1) , which were critiqued from a design as well as a functionality perspective. Users were also involved in the development process in order to offer the right level of GIS functionality while still providing the opportunity to create high-quality maps, charts, tables and commentaries on cancer incidence. The system is also flexible enough to allow for additional functionality to be added in the future based on feedback from the users. Choice of variables and options was designed to be as intuitive as possible. The design was implemented and tested with a set of potential users. The system provided considerable flexibility in terms of satisfying the needs of the users and high levels of responsiveness and performance during tests in an office where client computers were connected over a local network to a server in the office. The result was a web-based client-server system which is relatively straight-forward to use, offers the option of an Arabic or an English interface and worked well during feedback sessions with staff who work in the Saudi Cancer Registry. Only the English interface is shown in this paper. The atlas is currently only available on an internal network at the Saudi Cancer Registry while testing continues for the next year and feedback continues to be collected. The plan is to then open up the atlas to relevant health agencies and organizations working at the regional level in Saudi Arabia.
Data
The data were supplied by the Saudi Cancer Registry (SCR), a government agency which collects, collates and evaluates statistics on cancer incidence, survival and mortality in Saudi Arabia. The statistics on cancer incidence included the most common types of cancers which had been reported and recorded in Saudi Arabia from January 1998 to December 2004. The total number of patients diagnosed with cancer in this period was 45,532. The SCR has detailed medical information about each individual cancer case, but due to confidentiality, this data has not been made available for the atlas.
After georeferencing and cleaning the original cancer database, there were fourteen variables for each individual cancer case, including: gender, age, birth date, marital status, region, city, diagnosis date, site, topography, morphology, behavior and stage of diagnosis. The data were then aggregated for use at four spatial levels: national, regional, governorate and cities. At present there are no plans to analyze the data at a finer scale.
To estimate the annual population between 1998 and 2004, the 2004 Saudi census was used, along with annual population growth estimates [27] . Estimates were compiled for the four levels of geographical resolution. Growth rates were obtained from the Central Department of Statistics and Information (CDSI) for the whole of Saudi Arabia and the thirteen regions; as gender is not distinguishable in this data, estimates were used. Growth rates were not available at the governorate or city region so they were assigned the growth rates of the regions in which they are contained. This could be subject to the ecological fallacy [28] , as areas within a region are unlikely to all be the same. However, given the data available, this was the best possible solution.
Reporting of Cancer Incidence
The rates of cancer incidence in each administrative zone over a geographical region provide an important measure of the relative risks of individual cancers in each zone. Such rates provide direct estimates of the probability or risk of cancer or other illnesses and are particularly important for epidemiological studies. The absolute or relative rates of cancer incidence are especially important for comparative studies, e.g. comparing rates of cancer incidence at two or more different times, for measuring change over time or for comparing rates in different zones. Three of the most common indices for cancer research are the crude incidence rate (CIR), the age-specific incidence rate (AIR) and the age standardized incidence rate (ASR) [29] [30] [31] , which are calculated in the CASA. The CIR is expressed as the total number of incidences of cancer for each 100,000 people in the population. However, rates of cancer incidence vary greatly with age, and the crude rate is strongly influenced by the demographic structure of a population. Hence, if the population structure changes over a period, the crude rate over that period may be artificially altered. For similar reasons, one cannot compare crude rates across geographical areas with different population age structures. Therefore, in order to assess trends in the incidence of a particular type of cancer or compare the incidence over geographical areas or between different cancer registries, it is necessary to standardize the rates with respect to age through computing the AIR. The AIR is the number of particular types of cancer incidences occurring during a specific period in a population of a specific age and gender, divided by the number of the mid-year population of that age and gender. The AIR for age class i is calculated as: *100, 000
where r i is the number of incidences in the age class i and n i is the corresponding person-years of observation. The Age-Standardized Incidence Rate (ASR) is a summary measure of the rate of cancer incidence which a population would have if it had a standard age structure. Standardization is necessary when comparing several populations which differ with respect to age structure; in effect, this allows the researcher to keep age constant to see how a rate varies across areas. The most frequently used standard population is the World Standard Population. The calculated incidence of a cancer is known as the World Standardized Incidence Rate. The populations in each age-class of the Standard Population are used as weights in the standardization process. Expressed per 100,000 people, the ASR can be computed as [29] :
where w i is the Standard Population of the age class i where i = 1, n age classes. In a statistical sense, the ASR represents an estimate of some true parameter value (which could only be known if the units of observation were infinitely large). Therefore, it is usual to give some measure of uncertainty of the estimated rate, such as the standard error (SE) of the rate. The standard error can also be used to calculate confidence intervals (CI) for the rate, which are intuitively rather easier to interpret. Both of these measures are computed in the atlas.
Statistical and Spatial Analyses in the CASA
One of the most useful aspects of the CASA is the range of functionality beyond simple mapping and statistical analysis available in similar atlases. With the CASA, users are able to collate data over time, choose from a range of available map styles (e.g. choropleth, graduated symbol, pie charts and density maps) and calculate a range of cancer incidence rates to create exportable figures and maps. This section provides an overview of the functionality contained in the two main interfaces in the atlas, i.e. the statistical and spatial analysis windows. A detailed help file and manual are available for users of the atlas.
The Statistical Analysis Interface
The CASA's statistical interface is divided into the following five sections, as shown in The analysis panel is used to select the type of cancer analysis, which is then displayed in the figure and table panels on the right hand side. The user first selects the spatial level for analysis from a drop-down list where the options are National, Regional, Governorate or Cities. At the national level, a user can analyze and explore cancer distributions over the whole of Saudi Arabia, while at the regional level, the exploration and analysis of cancer distributions, variations, trends and patterns are conducted over the thirteen administrative regions. As for the governorate level, a user can view and analyze cancer distributions over the 118 governorates. At the city spatial level, the analysis is undertaken on cancer data over the 240 cities and towns.
Radio buttons then allow the user to select all cancers for analysis or just the most common cancers, followed by an option to choose standard or advanced analyses. This is followed by a list of types of different analyses that the user can select. When a user selects all cancers, the results will be displayed for approximately sixty types of cancer according to the International Classification of Diseases [32] . A query of the most common cancers will provide results for the top ten cancers, updated dynamically upon selection of the gender and period. Selection of the standard analysis will provide the user with thirty-two pre-defined types of analysis, which will appear as a list in the analysis panel (Supplementary Table 1 ). Figure 3 illustrates the results from four different analysis types.
The advanced analysis option allows users to create customized queries by adjusting different parameters, as listed in Supplementary Table 2 . The statistics are then computed based on this user-defined query, which provides much more flexibility in undertaking specific analyses. An example of a user-defined query might be to display the incidence of liver cancer in males aged between Figure 2 ) allows the user to select a specific cancer type. The user can also select all the years for analysis (1998) (1999) (2000) (2001) (2002) (2003) (2004) , an individual year or a subset of years. The absolute number of percentage option specifies how the data are displayed in tables and figures but does not apply to rates such as CIR, AIR and ASR. Finally, the export functions enable users to export a table as text or in Microsoft Excel format, and figures in image format such as jpeg, png or pdf.
The cancer site and period panel (item 2 in Figure 4) is the same in both the statistical and spatial analysis windows. The map panel (item 3 in Figure 4 ) presents the result of the analysis selected by the user. Different maps can be generated, such as choropleth maps, density maps, graduated symbol maps, pie chart maps and bar chart maps. Examples of different map types are shown in Figure 5 . The function of the legend panel is to provide the user with some interactive capabilities to adjust map parameters such as color scheme, classification method (equal interval, quantile, natural break or standard deviation), number of classes, size of symbols and transparency level. To help researchers become familiar with these different mapping types, a manual was written which describes them in more detail. Moreover, training sessions have been held with staff to explain the different mapping types available. These sessions have also allowed us to test the atlas and gather feedback. Figure 2 ) presents the result of an analysis in the form of a figure. This includes the figure itself, a dynamic figure title and a dynamic figure legend. The table panel (item 4 in Figure 2 ), which appears below the figure panel, presents the results of an analysis in tabular format. The legend panel (item 5 in Figure 2 ) provides the user with some interactive functions for controlling colors, figure types (bar chart, pie chart, stacked bar chart or lines), 2D or 3D and labels. A user can select the type of figure to be used to present the data.
The figure panel (item 3 in

The Spatial Analysis Interface
Analyzing Colorectal Cancer (CRC) Using the Cancer Atlas
The spatial analysis tools are available in a similar interface to that of the statistical analysis (Figure 4) . The main difference is that the results are displayed as maps, although the user can display figures and tables through the legend panel. The statistical analysis interface is divided into four sections: 1) analysis panel; 2) cancer site It has been reported that presently very few reports deliver a descriptive epidemiology of colorectal cancer (CRC) in Saudi Arabia [33] [34] [35] . Hence, this section provides the results of an analysis of CRC in Saudi Arabia, to illus- trate the statistical and spatial functionality of the CASA at varying geographical scales. Colon cancer is cancer of the large intestine (colon), the lower part of the digestive system. Rectal cancer is cancer of the last six inches of the colon. Together, they are often referred to as colorectal cancers (CRC). Most cases of colon cancer begin as small, noncancerous (benign) clumps of cells called adenomatous polyps. Over time, some of these polyps become colon cancers. Polyps may be small and produce few, if any, symptoms. Regular screening tests can help to prevent colon cancer by identifying polyps before they become cancerous [36].
Statistical Analysis
Between 1998 and 2004, a total of 3322 cases of CRC were diagnosed in Saudi Arabia. This accounts for 7.3% of the total number of cancer cases, 7.69% of all male cancers and 6.90% of all female cancers. CRC was ranked as the fourth and third most common cancer in males and females respectively. The overall ASR was 4.28 per 100,000 people between 1998 and 2004, with a higher ASR for males of 4.44 compared to 4.03 for females. Higher ASR in males is consistent with the majority of other countries. The reasons why colorectal cancer is greater among males than females are not clear [35] , although factors such as diet, body size, physical activity, hormones and family history of CRC could be accountable for the higher incidence amongst males than females [37] . In Saudi Arabia, progressively increasing exposure to risk factors and the lack of a nationwide screening program, along with an aging and growing population, probably explain the rising CRC rates. These findings, in addition to the possible hidden familial risk for colon cancer, highlight the need for a mass screening program for CRC in Saudi Arabia, preferably for individuals aged forty years and above. Ibrahim et al. [34] predicted a significant increase of colorectal cancer incidence in both sexes by almost four-fold by 2030 in Saudi Arabia due to possible westernization of our dietary habits and lack of proper screening. A number of useful graphs can be generated very easily from the atlas. For example, Figure 6 shows that the number of new cases diagnosed between 1998 and 2004 by gender, which shows a steady increase in both males and females over this time period. CRC can also be viewed by fifteen-year age groups for all years (Figure 7 ) or single years (Figure 8) . The graphs in Figures 7 and 8 clearly show a higher percentage of incidences between the ages of 60 and 74.
It is also possible to break patterns down further by gender is also possible. Other statistics, such as the crude incidence rate, can be plotted by gender for each year (Figure 9) , revealing a steady increase between 1998 and 2004.
Spatial Analysis
The statistical interface is invaluable at giving a snapshot of the rates of cancer over time and within different agegender classifications; however, it does not provide information about the spatial distribution of these incidences. The benefit of multiple types of maps for the outputs is that data can be represented most appropriately for each situation. For instance, a choropleth map may be created and downloaded for inclusion in a report for local city officials who need to know general statistics about cancer incidence by local area. A more detailed output, such as a pie chart illustrating the distribution of cancer cases by age in each area, may be suitable for the health practitioners in a region so that they may better target the local population for screening. The graduated symbols are useful for finer spatial scales and provide a valuable alternative where color reproduction of the maps may not be feasible so choropleth maps could hinder clear interpretation of the outputs. Starting at the regional level, the CASA allows one to examine spatial patterns across the thirteen regions of Saudi Arabia using a combination of tables and maps. For 1998 to 2004, the Riyadh region reported the highest number of colorectal cases (990 cases; 29.9%), followed by the Makkah region (822 cases; 24.8%) and the Eastern region (558 cases 16.9%). These three regions showed significant increased trend in the number of colorectal cases diagnosed between 1998 and 2004. The prominence of these regions was also found through mapping the CIR, as shown in Figure 10 . Regions with the highest CIRs were Riyadh with 4.16, Makkah with 3.49 and Eastern Regions with 3.37 per 100,000 population for both genders. Qassim, Madinah, Hail, Baha and Asir reported medium CIR that ranged between 2.26 and 2.97 per 100,000 population. In contrast, the lowest CIRs were reported from Jouf, Jazan, Najran, Northern province and Tabuk, ranging between 1.51 and 1.73 per 100,000 population.
Overall, colorectal cancer is mainly a disease of the middle aged and elderly: 78% of cases (80.1% males and 75.6% females) occurred in people aged above forty-five years and only 4.4% occurred in people less than thirty years old (3.7% males and 5.1% females). However, distribution of colorectal cancers by fifteen-year age groups showed high percentages of colorectal cases reported among younger males in the Jouf, Jazan, Tabuk and Northern regions and younger females in the Qassim, Najran, and Hail regions (Figure 11 ). This section has illustrated the various options for spatial display of data at a range of scales and levels of data specificity. This functionality is superior to many atlases which are dominated by choropleth maps, which may not be the best option for data display or for exploring data at the city level. Pie charts provide an option to include age and gender-specific data for larger geographic regions, as shown in Figure 11 . Although these data may be exported to a table, the spatial display on a map is easier to interpret and enables the user to identify areas where more CRC screening services may need to be offered. To find specific data for any area (rather than ranges or relative densities), users can refer back to the tables. Our illustrations have used CIR rather than age-adjusted rates, but all maps may be created with AIR or ASR data.
Conclusions
This paper has described the development and implementation of an interactive web-based Statistical Spatial Cancer Atlas for Saudi Arabia. Users are able to select sets of cancer statistics and then select criteria such as type of cancer, stage, site, gender, age, ethnicity, etc., in order to create custom maps, charts, corresponding tables of statistics and commentaries of cancer incidence at regional, governorate or city level in Saudi Arabia. The functionality, ease of use and high quality of the output maps, charts, tables and commentaries were designed to meet the requirements of a target group of users working in cancer medicine, cancer care, public health, hospital management, health economics, cancer screening, prevention and awareness and training.
The design of the atlas was based on the use of ESRI ArcGIS Server API software for Flex running on a server in order to access functions for mapping, chart creation, and the generation of tables and commentaries on client computers, which access the server over the Internet using a web browser. The design was implemented and tested using standard sets of statistical and vector map data. The final implementation gave considerable flexibility and high levels of responsiveness and performance during tests where client computers were connected over a local network to a server in the office.
In the future, the atlas will be used to determine whether observed geographic variation in the cancer incidence rates for the most common cancers, such as breast, liver, thyroid, and colorectal cancers, are random or statistically significant. If there are areas of excess, then research questions can be asked regarding whether that excess is stable or temporary over the seven-year study period (1998) (1999) (2000) (2001) (2002) (2003) (2004) , whether excesses are consistent across all diagnostic stages, or whether they might be due to excesses in early or late stage diagnoses, and whether they can be attributed to covariates such as age, sex, and urban/rural status. Moreover, there are plans to add other datasets (e.g. socio-economic data, exposure to solar radiation, nitrogen dioxide, fine particle air pollution, etc.) as well as more advanced functionality in the form of various spatial statistical methods, e.g. to help in finding spatial correlations and relationships between cancer and different risk factors using techniques such as geographically weighted regression. Spatial aggregation errors will then need to be carefully considered, as outlined clearly by Luo et al. [38] , particularly when using large zones like regions or where health care services are sparsely located or spatially clustered if access to services is considered in the future.
